Abstract. miRNAs are non-coding, single-stranded RNAs that regulate target gene expression by repressing translation or promoting RNA cleavage. Dicer is an essential component of the miRNA processing machinery. To identify a role for miRNAs in tumorigenesis, we designed an adenovirus expressing small hairpin RNA (shRNA) to silence Dicer and globally suppress the maturation of miRNAs. We identified that the impairment of miRNA processing conferred an enhanced proliferative activity and invasive ability on each of three tumor cell lines in vitro. Inhibition of Dicer was associated with activation of p-AKT and enhanced expression of the cell cycle associating molecules, cyclin A and PCNA, as well as MMP-2 and MMP-9, proteins involved in tumor cell invasion. Adenoviral gene silencing of Dicer in subcutaneous MCF-7 xenografts significantly increased tumor growth in vivo compared to tumors infected with non-loading adenovirus. Increased tumor growth was associated with p-AKT activation and upregulation of cyclin A, PCNA MMP-2 and MMP-9. These findings demonstrate that global reduction of miRNA processing by silencing Dicer enhances tumor proliferation and invasion, and the p-AKT pathway may contribute to this phenotype via the downstream molecules, cyclin A, PCNA, MMP-2 and MMP-9.
Introduction
Since the discovery in C. elegans of the first miRNA, lin-4, thousands of miRNAs have been identified across diverse species ranging from humans to viruses, suggesting critical and potentially broad biological roles for miRNAs. Multiple reports indicate that miRNAs in some systems regulate development, cell proliferation, apoptosis and other important physiological processes (1) . As miRNAs play a prominent role in the regulation of many basic biological events, much interest has focused on the contribution of miRNAs in cancer progression. Recent studies have shown that the miRNA expression profile is altered in various tumors (2) (3) (4) (5) (6) (7) (8) (9) . Of note, Lu et al observed a general downregulation of miRNAs in tumors compared with normal tissue (2) . Moreover, the change of miRNA expression in tumors was associated with the developmental lineage and differentiation state of the tumors.
miRNA biogenesis requires a set of proteins collectively referred to as the miRNA machinery. This machinery contains Dicer, an enzyme that belongs to the RNase III endonuclease family, and is required for processing of long double-stranded RNA (dsRNA) or microRNA (miRNA) precursors into mature effector RNA molecules (10) . miRNAs encoded in the genome are transcribed by RNA polymerase II into primary transcripts, called pri-miRNAs. The pri-miRNA is cleaved to a 60-70-nt stem-loop, termed a miRNA precursor (pre-miRNA), by the RNase III endonuclease Drosha. Pre-miRNAs are actively transported from the nucleus to the cytoplasm by Exportin 5 (11) , where Dicer cuts both strands of the premiRNA duplex, generating a mature 21-nucleotide miRNA duplex (12, 13) . The 21-nucleotide miRNA duplex is then incorporated into a ribonucleoprotein complex, called the RNA-induced silencing complex (RISC), to repress translation. As Dicer is essential for the processing of miRNAs, downregulation of Dicer globally impairs miRNA processing and activity. Investigation of the biological function of Dicer revealed its essential role in cell development and differentiation in several species (14) (15) (16) .
The role of Dicer and miRNA in cell growth and differentiation implies that these molecules, in an unknown manner, may impact tumorigenesis. Many studies focusing on Dicer have confirmed this correlation, and revealed that Dicer plays either a negative or positive role in tumor transformation in different types of cancers (3, 17, 18) . To address the broad role for miRNAs in tumorigenesis, we designed an adenovirus to generate shRNA and silence Dicer expression, thereby impairing miRNA processing. Dicer downregulation increased the proliferative and invasive ability of tumor cells in vitro, and increased expression of a set of proteins associate with these phenotypes. Dicer downregulation similarly increased subcutaneous tumor xenograft proliferation in vivo. Taken together, our data demonstrate that Dicer inhibition dramatically increases the malignant transformation of cancer cells in vitro and tumor growth in vivo.
Materials and methods
shRNA sequence and the construction of adenovirus. A recombinant adenovirus encoding shRNAs against Dicer (Ad-Dicer) was synthesized by Wuhan Genesil Co., Ltd. The virus carried three sequences, each of which targeted different sites of the Dicer genes. The sequences of the shRNAs were as follows: site A, sense 5'-TGC TTG AAG CAG CTC TGG Adtdt-3', anti-sense 5'-TCC AGA GCT GCT TCA AGC Adtdt-3'; site B, sense 5'-GGA CGG TGT TCT TGG TCA Adtdt-3', antisense 5'-TTG ACC AAG AAC ACC GTC Cdtdt-3'; site C, sense 5'-AAA GAG CTG TCC TAT CAG ATC dtdt-3', antisense 5'-GAT CTG ATA GGA CAG CTC TTT dtdt-3'. The non-load adenovirus (Ad-HK) was used as a negative control.
Cell culture and adenovirus infections. Human cancer cell lines U251, MCF-7 and SCG7901 were obtained from the Institute of Biochemistry and Cell Biology, Chinese Academy of Sciences. Cells were cultured in DMEM medium supplemented with 10% fetal bovine serum (FBS). All cultures were maintained at 37˚C in a moist atmosphere containing 5% CO 2 . For infection, trysinized cells were plated in 6-well plates at 2x10 5 cells per well. Infection with Ad-Dicer (MOI=100) was performed in serum-free medium on cells reaching 50-80% confluence. After 4 h of infection, the cells were restored to complete medium.
RT-PCR analysis. Total RNA was extracted with TRIzol (Gibco, USA) 48 h after infection, and reverse transription was performed using AMV reverse transcriptase (Takara, Japan) according to the manufacturer's protocol. Dicer was amplified under the reactive conditions: 94˚C, 5 min; 94˚C 30 sec, 52˚C 30 sec, 72˚C 30 sec, 40 cycles; 72˚C, 5 min. ß-actin was used as control. Oligonucleotide sequences used to amplify Dicer were: forward 5'-CGA TAA CTT TAT TGG AGA TTT AC-3', reverse 5'-ATT GGG TGT CCC GAA GAG TT-3'; for ß-actin: forward 5'-TCC CTG GAG AAG AGC TAC GA-3', reverse 5'-GAT CCA CAC GGA GTA CTT GC-3'.
Transwell cell migration assay. The top chamber of a transwell chamber was incubated with 60 μl Matrigel diluted with DMEM (1:2, Matrigel: DMEM) at 37˚C for 30 min, and allowed to polymerize. Infected cells were trypsinized, adjusted to 1x10 6 /ml in DMEM, and 200 μl of the resuspended cell solution was added to the top chamber above the Matrigel. The bottom chamber was filled with 600 μl of chemoattractant solution. The transwell plate was assembled and incubated at 37˚C, in a 5% CO 2 incubator. After 24 h, the top chamber was removed, and the Matrigel and unmigrated cells were gently scraped with a wet cotton swab. Cells were stained by hematoxylin for 5 min, and washed with PBS to remove excess stain. Finally, the membrane was removed from the chamber with the migrated side placed down onto a glass slide, administered a few drops of Permount, and covered with a cover slide. The average number of migrated cells per field was quantified under high power (x200).
Flow cytometry. Forty-eight hours after infection, adherent cells were trypsinized, placed in suspension, and washed with PBS. Cells were fixed in 75% ethanol at 4˚C overnight. Cells were then washed twice with PBS, and incubated with 200 μl RNase A (1 mg/ml) at 37˚C for 30 min. Cells were then stained in the dark with 800 μl propidium iodide staining solution for 30 min at 4˚C. Analysis was performed on a FACSCalibur flow cytometer (Bio-Rad, USA).
MTT assay. Cells were plated in a 96-well plate at a density of 2000 cells per well 48 h after infection. Cells were incubated with 20 μl MTT solution (5 mg/ml) 24, 48, 72, 96, 120, 144 and 168 h following infection at 37˚C for 4 h. At the end of the incubation period, the solution was aspirated, and 200 μl dimethyl sulfoxide were added to each well. The absorbance was measured at a wavelength of 570 nm with background subtraction at 650 nm. Mean was determined for 6 replicate wells. Cell viability was defined as the absorbance of treated/the control.
Western blot analysis. Total proteins were extracted and the protein concentration was determined by Lowry method 48 h following infection. Protein lysates (40 μg) from each sample were subjected to SDS-PAGE separation, and transferred to a PVDF membrane. The membrane was incubated with primary antibodies against Dicer, p-AKT, MMP2, MMP9, cyclin A and PCNA (Santa Cruz; 1:500 dilution), followed by HRP-conjugated secondary protein (Zymed, San Diego, CA; 1:1000 dilution). The specific protein was detected using a SuperSignal protein detection kit (Pierce, USA). After washing with stripping buffer, the membrane was reprobed with antibody against ß-actin (1:500 dilutions). The band density of specific proteins was quantified after normalization with the density of ß-actin.
Subcutaneous tumor model and gene therapy in vivo.
All experimental procedures were carried out according to the regulations and internal biosafety and bioethics guidelines of Tianjin Medical University and the Tianjin Municipal Science and Technology Commission. Female BALB/c-nu mice (6 weeks old) were purchased from the animal center of the Cancer Institute of Chinese Academy of Medical Sciences, bred at the Facility of Laboratory Animals, Tianjin University, and housed in microisolator individually ventilated cages with water and food ad libitum.
MCF-7 cells were injected subcutaneously to generate xenografts on both flanks as described (19) . Adenoviral infection was performed once tumor size reached approximately 5 mm in diameter, and again three days thereafter. At this time, one flank was infected with Ad-Dicer by intratumoral injection, while the other was infected with Ad-HK. Tumor volume was measured every 3 days for a 20-day period. At the end of the 20 days, mice were sacrificed, tumors were excised and the tumor specimens were prepared as paraffinembedded sections. The expression levels of Dicer, p-AKT, MMP2, MMP9, cyclin A and PCNA were examined by immunohistochemical staining.
Statistical analysis. SPSS16.0 was used for statistical analysis. One-way analysis of variance and Spearman rank correlation analysis were used to analyze the significance between groups. The LSD method of multiple comparisons with parental and control groups was used when the probability for analysis of variance was statistically significant. Statistical significance was determined at p<0.05.
Results

Inhibition of Dicer expression by adenovirus.
As previous studies demonstrated that Dicer is required for dsRNA maturation (20), we assessed the impact of globally impairing miRNA expression on tumor proliferation and invasion by downregulating the expression of Dicer. We constructed a recombinant adenovirus to generate shRNAs targeting Dicer mRNA. Cells infected with Ad-Dicer had significantly lower expression of Dicer mRNA than control and Ad-HK infected groups (Fig. 1A) , as determined by RT-PCR. In addition, Western blot analyses demonstrated a significant decrease in the expression of Dicer (Fig. 1B) . Thus, the expression of Dicer was effectively inhibited at both the mRNA and protein level by Ad-Dicer infection.
Dicer silencing increased tumor cell malignant phenotype.
To measure the impact of Dicer on the invasive ability of tumor cells, we quantified cell migration using the transwell (Fig. 2) . Similarly, infection of MCF-7 cells with Ad-Dicer increased migration to 89.00±2.37 vs. 58.83±2.40 and 58.17±1.72 cells in control and Ad-HK, respectively, and infection of SCG7901 cells with Ad-Dicer increased migration to 99.50±2.07 cells from 55.17±2.79 and 58.00±2.61 in control and Ad-HK infected groups, respectively (Fig. 2) . Therefore, we conclude that knockdown of Dicer significantly enhances cell invasive ability in vitro.
To measure the impact of Dicer on the proliferative capacity of tumor cells, we investigated the impact of rAd-Dicer infection on cell cycle progression, as determined by flow cytometry following PI staining, and cell proliferation, as determined by the MTT assay. Cell cycle analysis revealed that in all 3 cancer cell lines, the rate of S phase strongly increased, accompanied by a reduction in G0/G1 phase and a weak increase in G2/M phase (Fig. 3A) . These data implied that the cell cycle was promoted to S phase upon knockdown of Dicer. The MTT assay corroborated these findings, demonstrating that Ad-Dicer increased cell proliferation in comparison to the control treated groups (Fig. 3B) . Taken together, infection of U251, MCF-7 or SCG7901 cells with Ad-Dicer results in enhanced tumor cell invasive and proliferative capacity compared to control and Ad-HK infected groups. 
Downregulation of Dicer activates p-AKT.
While we identified a role for Dicer inhibition on tumor cell transformation in vitro, the mechanism contributing to this phenomenon remains unknown. As p-AKT pathway is constitutively activated in a wide range of tumor types, and triggers a cascade of responses that drive tumor progression including cell growth, proliferation, survival and motility, we evaluated the activity of p-AKT in cells in which Dicer was downregulated. Western blot analysis revealed increased phosphorylation of AKT in cells where miRNAs processing was impaired by Dicer downregulation (Fig. 4) . To elucidate the mechanism by which downregulation of Dicer impacts cell invasion and proliferation, we assessed the expression of MMP2/9, cyclin A and PCNA. Western blot analysis revealed that the expression of each of these proteins was increased upon downregulation of Dicer (Fig. 4) . Therefore, we speculate that the transformation of tumor cells by Dicer downregulation may be a result of the activation of p-AKT and its downstream molecules, MMP2/9, cyclin A, PCNA. 3 , respectively, for the Ad-Dicer and Ad-HK infected groups, were not statistically significant from one another. During the first week of the observation period, the tumors in both the Ad-HK groups and Ad-Dicer groups grew slowly and there was no observable difference in tumor size. Starting at day 8 after the initial treatment, however, the tumors in the Ad-Dicer-infected group grew significantly more rapid than those infected with Ad-HK (Fig. 5) . The mean volumes of tumors were 1023.50±266.68 and 783.38±299.27 mm 3 20 days following infection with AdDicer or Ad-HK, respectively (p<0.01). Following the 20-day observation period, mice were sacrificed and tumors were excised and paraffin-embedded for immunohistopathological examination. Similar to the results obtained in vitro, the tumor specimens infected with Ad-Dicer resulted in downregulation of Dicer expression, as well as displayed enhanced expression of p-AKT, MMP2/9, cyclin A and PCNA. Each of these proteins were significantly upregulated compared to Ad-HK treated groups (Fig. 6) . In sum, infection of tumor cells with Ad-Dicer resulted in increased proliferation both in vitro and in vivo, and resulted in a similar enhanced protein expression profile of p-AKT, MMP2/9, cyclin A and PCNA.
Dicer downregulation initiates tumor transformation in an
Discussion
Here, we identify a relationship between downregulation of Dicer and the presumed impairment of miRNA processing with the transformation of tumor cells. We speculate that the impairment of miRNAs processing by Dicer inhibition promoted the proliferative and the invasive ability of tumor cells. Recent studies have shown a general decrease in miRNAs in tumors deriving from multiple tissues. Lu et al analyzed 217 mammalian miRNAs from 334 cancer samples, and revealed a global reduction of mature miRNA levels in both human and mouse cancers (2) . Additional studies revealed that reduced expression of Dicer was observed in a significant fraction of lung cancers, and associated with shorter post-operative survival (3) , and that conditional deletion of Dicer enhanced tumor development in a K-Ras-induced mouse model of lung cancer. These findings imply that impaired miRNAs processing may be involved in tumorigenesis. Our study corroborates these findings, demonstrating that downregulation of a key component in the miRNA processing machinery promotes the malignant transformation of tumor cells. Our findings are also consistent with the observation that miRNA processing-impaired cells generate tumors with accelerated kinetics in animals (17) . Taken together, these data indicate that global miRNA loss promotes the malignant phenotype of tumor cells and facilitates tumorigenesis.
Although the knockdown of Dicer has been associated with enhanced tumor proliferation and invasion, the mechanism of this event remains elusive. In our study we began investigation of several lead proteins that may impact cell proliferation and invasive ability. The PI3K/AKT pathway is constitutively activated in a wide range of tumor types, and triggers a cascade of responses ranging from cell growth and proliferation to survival and motility (21) . Here we identify that impairment of miRNA results in the enhanced phosphorylation of AKT. We demonstrate in both in vitro and in vivo systems, knockdown of Dicer expression significantly increased expression of p-AKT compared to mock or control adenovirus infections. Based upon these findings, we speculate that the enhanced tumor progression that we observed following Dicer knockdown may be attributed to enhanced activation of the AKT signaling pathway.
A primary biological consequence of AKT activation is activation of cellular proliferation via regulation of the cellcycle machinery. Indeed, our investigation identified a significant increase in cyclin A expression after downregulation of Dicer. Cyclin A, a primary member of the cyclin family, is a component of the machinery required for progression through S phase (22, 23) . Constitutive expression of cyclin A has been associated with tumorigenesis in multiple studies (24, 25) . Increased expression of this protein was consistent with the outcome of cell cycle analysis, which showed that the cell cycle was promoted to S phase following infection, suggesting that a link between impairment of miRNA processing, AKT phosphorylation and activation of the cell cycle machinery via cyclin A may exist. Furthermore, we observed a significant increase in the expression of proliferating cell nuclear antigen (PCNA), a DNA clamp protein required for processing of the leading strand during DNA replication following silencing of Dicer. Both cyclin A and PCNA were similarly upregulated in tumor xenografts infected with the Dicer-silencing adenovirus. While speculative, these findings warrant additional study.
A second major biological consequence of AKT phosphorylation is the activation of tumor cell invasion properties via induction of Matrix metalloproteinases (MMPs). The MMPs are a family of enzymes responsible for the proteolytic processing of extracellular matrix structural proteins, an essential step in the invasion process (26) . Many investigations have demonstrated that MMP-2 and MMP-9 secretion is elevated in several types of human cancers and their elevated expression has been associated with poor prognosis (27) . Previous studies also have shown that the expression of both MMP2 and MMP-9 were modulated by activation of AKT and MAPK (28, 29) . We became interested in the expression profile of the MMP proteins as we observed increased invasive ability of Ad-Dicer-infected tumor cells to migrate in the transwell assay. Further, as we observed an increase in the phosphorylation state of AKT, we were not surprised to have observed a similar increase in the expression of both MMP-2 and MMP-9 proteins. We validated these findings by demonstrating a similar increase in expression profile both in vitro and in vivo. Based upon these findings, we hypothesize that impaired miRNA processing enhances the metastasic potential of a tumor by p-AKT-mediated stimulation of MMP-2 and MMP-9. As such these findings may have significant clinical value.
In summary, our study contributes important new findings for the role of Dicer-mediated miRNA processing in tumor cell proliferation and invasion. We investigated the phenotypes of three tumor cell lines after global impairment of miRNA processing by adenoviral knockdown of the expression of Dicer. Our studies identified that global downregulation of miRNA maturation led to an enhanced proliferative and invasive ability in tumor cell lines. While we speculate that the mechanism involved in the cell transformation was a result of phosphorylation of AKT, leading to activation of the cell cycle machinery and MMPs, further study of this signaling pathway is warranted. Multiple questions remain, such as identification of the key miRNAs influenced by Dicer downregulation that activate AKT, and whether p-AKT directly activates the cell cycle machinery and MMPs or if this phenomenon is attributed to another, yet undefined consequence of Dicer downregulation.
